Abstract: Computed Tomography (CT) and Magnetic Resonance (MR) imaging techniques have become an important role in diagnosing the vascular diseases. Before a clinical trial of the newly developed techniques, it is essential to evaluate them on a phantom. However, there is no existing arterial A Dynamic Arterial Tree Phantom for studies 89 tree phantom that serves for flood flows. To that end, we design and develop a Dynamic Arterial Tree Phantom (DATP), which is able to produce many kinds of blood flow pattern through using a programmable pump functions as a heart. Contrast enhanced CT scan is also performed on this phantom for adaptive bolus chasing techniques.
Introduction
The vascular diseases are common and critical. Peripheral Vascular Diseases (PVDs) are affecting more than 10 million Americans' lives (Becker et al., 2002; Fleischmann et al., 2006) and Cardiovascular Disease (CVD) has become one of the most common conventional causes of the death. Furthermore, many other diseases are related to the vascular diseases and vasculature health condition, such as stroke and heart attack. Therefore, it is important to diagnose the vascular diseases accurately and treat them properly.
To diagnose the vascular diseases, physicians first need to study the patient's vascular angiograms, such as the Digital Subtraction Angiography (DSA), CT Angiography (CTA), and MR Angiography (MRA). The higher the quality of the angiograms, the more the accurate would be the diagnosis. Since the vasculature has similar properties with the surrounding soft tissues, contrast enhancement method is used in obtaining those angiograms, i.e., a certain amount of contrast material is injected into the vasculature to distinguish it from the surrounding tissues on the resultant images (Fleischmann et al., 2006; Bae, 2003) . After the contrast material is injected into the blood vessel, it propagates along the vasculature. Ideally, angiograms are obtained while the contrast material concentration is the highest. For the imaging modalities with large Field of View (FOV), such as DSA, which can cover the Region of Interest (ROI), there is no problem, since the contrast flows into the region sooner or later. However, a problem comes up when a large part of the vasculature tree needs to be scanned and the imaging window can only cover a small part of it at any given time. This is very typical in a CTA exam, because CT has a very narrow window in the z-direction. In such a case, the synchronisation of the imaging window and the highest contrast concentration position is expected to achieve good-quality images. However, contrast material (bolus) has a very complicated dynamics, and it is affected by vascular diseases, heart conditions, injection methods, and other factors (Bae, 2003; Filippo et al., 2002) . It rarely moves constantly. To compensate that, a large amount of contrast material is injected to increase the chances that vasculature be scanned with high concentration contrast material inside. Unfortunately, this does not ensure good vascular images and too much contrast material is not good for patients, especially those with kidney diseases.
To better image the arterial trees, the bolus chasing technique has been proposed and widely investigated Ho et al., 1999; Wu et al., 1998) . However, few works have been reported for the vascular phantoms in the bolus chasing field, instead, most researches were done under the clinical practice. We are not going to moderate the importance of the clinical practice. But, the advantages of vascular phantoms are obvious in the vascular disease research: first, phantoms can simulate any vascular diseases and provide various blood flow patterns; second, unlike a patient, they are allowed to be experimented repeatedly.
Many vascular phantom models have been reported for various purposes, such as ultrasound flow rate measurement (Walker et al., 2003) , Magnetic Resonance Image testing (Cloutier et al., 2004; Frayne et al., 1993) , or blood pressure experiment (Walker et al., 1999) . However, none of these phantoms aims at the whole arterial tree; instead, they are focused on part of the artery, such as carotid or abdominal aorta. As for the bolus chasing techniques or blood flow pattern related project (Frayne et al., 1993; Xu et al., 1999) , it is essential to build a Dynamic Arterial Tree Phantom (DATP), which will serve as a platform for testing various blood flow patterns.
Dynamic Arterial Tree Phantom design

Criteria
As we mentioned above, the DATP will serve as a platform of the blood flow pattern and be used for bolus chasing experiments or other purposes. Therefore, its geometry characteristics, which influence the flow rate, are important in this design. It is ideal that the phantom can produce any flow pattern that a normal human or a patient has. On the other hand, the DATP is not a blood circulatory model, which is much more complicated and unnecessary in this situation. In this design, we cares artery more than the vein; therefore, the DATP only includes the main arteries from the chest to the feet.
The following is the basic criteria for designing the DATP:
• Similar geometry. The geometry of the phantom should be similar to the realistic artery, such as the artery diameter, bifurcation position and main artery length.
• Material property. The actual vasculature is soft and flexible and it allows some deformation when the blood pressure is high. Therefore, the hard material, such as hard plastics and glass, is not suitable to build the phantom.
• Adjustable flow pattern. Since the DATP serves as a platform of the flow pattern, the blood velocity of each main artery in the DATP should be adjustable to simulate various flow patterns.
Design
We are interested in the arterial tree from the aorta to the arteries in the feet, and main arteries in that range is the composition of the arterial tree. Figure 1 shows the main arteries of the arterial tree (The original figure is in AMA's Current Procedural Terminology, Revised 1998 Edition), which includes: aorta, common iliac artery, external iliac artery, femoral artery, popliteal artery, anterior artery, peroneal artery and posterior tibial artery. Artery geometry parameters, such as length and diameter, are adopted from Sherwin et al. (2003) and Ku (1997) . We do not consider the curvature of the blood vessels owing to their flexibilities. Figure 2 shows the preliminary design of arterial tree. In Figure 2 , every section of the artery is numbered. The main arteries are numbered below 10 and their inner diameters and length are given in Table 1 . The branch arteries, which are used to split/adjust the flow rate, are numbered above 10 inclusive, and their lengths are not included in Table 1 , because the bolus chasing techniques are interested in the main artery. The whole DATP is divided into five parts to meet the (dimension) requirement of the rapid prototyping machine (discussed later). Figure 2 and artery diameter in Table 1 are adopted from report (Sherwin et al., 2003) Figure 11 and Table 1 , which show the length and diameter of the main arteries for a normal male adult. The angles between the joint vessels are, subjectively, chosen as 30, 45 and 60 degrees. 
Remarks
Artery length in
Construction procedure
The phantom is made of silicone (http://www.silicones-inc.com, P.44), whose tear resistance (ASTM D624) and tensile strength (ASTM D412) are 120 ± 20 ppi and 600 ± 50 psi, respectively. The following is the construction procedure.
• 3D solid model. 3D Solid model is drawn with AutoCAD using the dimension in Figure 2 and Table 1 . Rapid prototyping converts those 3D models into the real solid model using the material Acrylonitrile Butadiene Styrene (ABS). Owing to the size limitation of the rapid prototyping machine, the model cannot be longer than 9.5 inches. Therefore, the whole arterial tree is divided into five parts and each of which is shorter or equal to 9.5 inches. Figure 3 is the solid model of the thoracic aorta (part I of the arterial tree).
• Silicone female model. Put the 3D solid model in a container and fix it at top, where we pour the liquid wax in; meanwhile, mix the silicone and activator and vacuum it for a while to get rid of the bubbles. Pour the silicone into the container and immerse the model. After at least 24 h hardening, cut the silicone and take out the 3D model. Silicone female model is completed after reuniting the silicone pieces (Figure 4 left).
• Wax model. Reunite the silicone pieces and wrap them tightly, and then pour the melt wax into the female model. Make sure that the wax flows everywhere inside the female model. After several hours hardening, unwrap the silicone pieces and take out the wax model (see Figure 4 right ).
• Vessel model. Put the wax model on a motor and rotate it; meanwhile, pour the mixed silicone and activator onto the vessel surface. This procedure lasts long, because we need to pour the silicone continuously until the wax model is covered by the silicone with a certain thickness and the silicone does not flow easily. After that, let the motor run for another 10 h, a vessel model with initial geometry is obtained after melting the wax ( Figure 5 ).
• Integration. The five parts of the DATP are integrated by connectors ( Figure 6 ). Extra attention is paid to make sure that there is no leakage at the connection place. Aneurysms could be added later on when necessary, for instance, the Abdominal Aorta Aneurysm (AAA) phantom could be added between part I and part II. The valves and clamps in Figure 2 are added on the main arteries and branches as well. They are used to adjust the flow rate. 4 Phantom test
Pump system
Before testing the DATP, we need to introduce the pump system, which drives the flow and functions as the human heart. We adopt the Masterflex L/S pump (www.materflex.com), which has a maximum speed of 600 rpm and minimum speed of 1 rpm. The reason to use the Masterflex L/S pump is two-fold. First, Masterflex L/S pump provides a flow rate from 36 to 2300 mL/min (Table 2 ) and allows two heads work simultaneously. Thus, it is able to produce a flow rate from 36 to 4600 mL/min, which is greater than the average flow rate, 4122 mL/min, in the aorta (Table 3) . Second, the Masterflex L/S pump is programmable and allows us to generate different flow patterns. For example, we can incorporate the heart RR interval or ECG signal to generate heart-pulse-like flow rate. 
Flow pattern test
The main objective for the DATP is to provide a platform for the simulation of blood (contrast) flow pattern. To this end, we first need to test its ability of simulation for blood flow rate in different arteries. Table 3 shows the blood velocities in the artery in different body regions of a male adult. It is easy to see that the blood velocities vary much in the artery. It is much faster in the aorta and very slow in the peripheral artery. Further, the velocity is quite different for each individual. To that end, we adopt the mean velocity in the main artery (see Table 3 ) for testing. By reproducing the flow that has the same mean velocity in the corresponding main arteries, we verified that the DATP can be used as the platform of the blood flow and it is able to produce various flow patterns around the mean velocities. The pump system is with two heads of type L/S ® 18 Standard and it runs at a speed of 538 rpm. The output flow rate is about 4125 mL/min, which is a little bigger than the average flow rate of the aorta. By adding the clamps (haemostatic forceps) on the branches, the flow rate is reduced much at the down stream. To measure the flow rate of the liquid in the DATP, we first fill the DATP with clear water, and then pump in 4 cc dyed water. All the processes are recorded by a cam-recorder. Bürsch et al. (1981) ever measure the blood flow rate using video image series of arteriograms. However, we are measure the dyed flow rate on a phantom, which is much easier. The actual mean velocities of the flow in the arteries are obtained through the following procedure.
• play the recorded movie frame by frame
• write down the frame number when the dye peak reaches the position as labelled in Figure 7 • transform the frame number into actual time (frame rate: 25 fps)
• compute the average velocity in each main artery.
Two experiments are done to show that phantom has the ability to adjust the flow rate. One is for normal artery flow, the other is for asymmetrical flow in the leg, i.e., flow in one leg is faster than other one (restricted flow). The results are shown in Table 4 . When compared with the reported blood velocity in Table 3 , the velocities in Table 4 are very similar for common iliac artery, femoral artery, popliteal artery. Only the velocity in aorta is lower than the reported one. It is caused by averaging the whole aorta from the beginning to the bifurcation of the common iliac artery. However, this number is not far away from the lower limit of the reported blood velocity in the aorta (14.43 and 15.49 vs. 18 .1). In conclusion, we concluded that this DATP is able to simulate the blood flow pattern by changing its pump speed and adjusting the flow rate in the artery.
CTA scan test
In this section, we used the DATP for the actual CTA scan and tested the adaptive bolus chasing techniques on the DATP. We first inject a mixture of dye and real contrast (4 cc) to the tube before the pump, and then start the CT scanner. When the contrast bolus reaches the aorta, the adaptive chasing techniques take effect and move the CT table automatically . The scanner is a four-row Volume Zoom scanner, manufactured by Siemens Inc. Owing to the proprietary problem, we have to translate the CT table through CANbus, which causes the delay in the control and makes it hard to track the contrast peak at the actual speed . To that end, we have to scale down the velocity of the flow to demonstrate the adaptive tracking results. Figure 8 is the reconstructed blood vessel (part). It does not show the whole phantom since we did not scan from the very beginning to the end. However, it shows the main part of the DATP. 
Preliminary adaptive bolus chasing CTA results
Preliminary adaptive bolus chasing CTA results on the developed DATP are shown in Figure 9 . In this experiment, the DATP generates an asymmetric peripheral arterial flow (common for patient with peripheral arterial diseases) through using haemostatic forceps. Owing to the proprietary issues, we are not able to fulfil our control techniques fully. First, the real-time raw data is not available, and second, CT table is controlled through the CANbus, which causes control delay . Therefore, the flow rate of the contrast is scaled down compared with the normal adult blood flow rate in the artery. Figure 9 shows the experimental results of the adaptive chasing method (top) and the existing constant-speed method (bottom). Both methods track the contrast bolus well in the aorta (HU > 300); however, when the bolus splits into the two legs, the constant-speed method misses the (slower) bolus in the right lower limb completely (HU < 200), while the adaptive method covers both lower limbs well. This is because that the adaptive method tracks the faster bolus (the left lower limb) first and then comes back to recover the slower bolus (the right lower limb) as much as possible. The constant speed is set as 2 cm/s, which is the 'optimal' for the faster bolus.
Remark
1 In this experiment, HU ranges from 150 to 650. This is because we set the CT display window and centre to 250 and 400, respectively.
2 The constant-speed method result could be worse if we chose any other speed and it is hard to set the right speed in clinical because we do not have the priori knowledge of the contrast bolus speed.
Figure 9
Adaptive bolus chasing CTA results (top) against the existing constant-speed method results (bottom) on the asymmetric peripheral arterial flows. In both plots, the blue solid, the red dashed and the black dash-dot curves represent the scanned Hounsfield Units for the aorta, the left lower limb and the right lower limb, respectively (see online version for colours)
Conclusions
In this paper, we design and build a DATP, which will be used to test the new medical imaging techniques on angiograms in the laboratory, especially for studies related to blood flow. The developed phantom has the standard size of a normal adult man, and we have showed that it can generate different blood flow patterns through using haemostatic forceps and varying pump speed. We also test our adaptive bolus chasing CTA techniques on the developed phantom against the constant-speed method.
The experimental results show that the adaptive method significantly outperforms the existing constant-speed method.
